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TECENICAL NOTE NO. 1189

PRESSURE-DIS‘JIRIB’UTiON MEAS'[IREMENTS ON ‘I’.BE ROTATING
- BLADES OF A smaw—su?m AXIAL-FLOW CCHMFRESSOR

By Jeck F» Runckel and Richerd S. Davey
SUMMARY

A preliminery investigation has beon mede of the pressure
dlstribution ghout the meen-radius section of the rotabing blades -
of a single-stage axial-flow compressor &t a blade Mach number of 0. 35
A 2h-cell pressure-transfer device used in obtaining the pressire
data 1s described and the accuracy of these data is established by
several independ.en‘b methods. . - .

The results dbtained indicateéd that the meximum suction pressure
for the thin low-cember rotor blades tested (stagger, 70 s &and
solidity, 0.86, at meen-radius section) was only slightly greater
than for the isolated alrfoll of the sams sectlon. The lift-curve
slope forr the rotor blades was much lower than that estimated from
theoretical celculations for a comparable two-dimensional cascade,
Indicating the necessity of using cascads test data to determine the
blade-angle settings. Stalling of the flow in the campressor was found
Yo originate at the root and tip sections of the blade owing te the
effects of casing boundery layers, impropsr blade twilst, and large:
clearances.

INTRODUCTION

Improvement in the performance of exlal-flow coampressors requiras
information concerning the details of the flow around the Plades.
Because of the difficulty of meking measurements on rotating blades,
rast research on blade performence has been restiicted mainly to ~
investigations of the flow about stationary two-dimensional cascades
of eilrfoils. These studles (references 1 and 2) have yielded valusable
Information on the fundementals of airfoll performance as affected
by the geametry of the cascads. Experimental airfoll data cbtained
in cascade have been used :successfully in the -design of blading far
low-speed blowers in which the pressure rise yroduced snd the
operabing condition for best efficiency egreed with predictions based

014339072 e Tt
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on the cascade test data. At high Mach numbers, however, 1t 1s not
nowvn whether the three—-dimensiocnal end centrifugal effects present
in rotating machines but not present in stationary cascades will
invelldate the use of cascads test data. It is considered that these
effeots may also be of importance at low Mach numbers in the region
of blade stall. An investigatlon of blade pressure-distridbution
characteristics for a single—stage axial-flow compressor has been
started, therefore, at the lLangley Memorial Aercnsutlcal Laboratory
with the obJect of securing hlade performance data under actual
cperating conditions,

A pressure~transfer device capable of simultaneously trensferring
2L pressures fram a rotating blade to a stationary multitube manometer
has veen develcped for this project. The present preliminary report
briefly describes the pressurs-~transfer device, the tests to establish
its sccuracy, and its first application in an investigation of the
blade flow charmoteristlics of a compressor having thin low-camber
blades of NACA l6-series propeller sections.

A particular obJective of the compressor tests was to determine
the rnature of the blade stall, which appeared to be cccurring

premgturely. The tests were made at a moderate Mach number of
about 0.35. :

SYMBOIS

a  local velocity of sound in alr, feet per second
o whord of compressor blade, feet
c; Bection 1lift coefficlent

¢n 8ectlion normal-force coefficient

APL_3
Cp total-pressure-rise coefficient [ ——=
%y specific heat at comstant pressure, foot—pounds per slug
per °OF -
Cp  torgue coefficient Net torque

(Net torque = Shaft torgue ~ Measured tare without blades;
Tare = Windage on rotor -disk + Torgue absorbed by pressure—

transfer device) _ _ e
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% retio of inlet air Letel pressure to NACA stendard ssa-
levsl pressure Pl[y;

n efficiency where totsl presgures are weightod averages from

(57 -]

2 (Net torqus)

surveys across annvlus

3] ratic of inlet totel air tempersture to NACA standard sea-
= level temperature CrlfTo>

M -_viscosity o' ailr, pound-seconds per squarc foot

o mass density, slugs per secand

] solidity (blede chord divided by gap betwssn bledes)

¢ turning engls relative to rotor blads, deprees

Subscripty:

o ~gea level

1 inlet measuring station ehead of stator

n

measuring stallon between stator end rotor

outlet measurlng station behind rotor

L

ax axiad direction

1 orifice on blade surface

m mean baead an average of entering and leaving alr vectors
fgce fig. U)

Genorsl arrangenient.. A dlagr:m of the test eetuyp 2s shown in
figure 1. The L2-inch compressor was driven by a 1000-horsepcwer
electric motor mounted on bearings to permit torgue messurements.

The air from the comprossor wes decelerated in an 8% conicel diffuser,
straightensd in honeycomb vanes., and then accelerated in & 30-iInch

y
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venturl which permitted accurate determination of the welght flow.
A gecond dilffuser downstreem from the venturi made it possible for
the compressor to pump larger welght flows of alr then couid be
produced without the diffuser-venturi system. Back pressure (and
hence weight flow for a given compressor speed and geametry) was
controlled by means of an adjustabls plug at the cutlet of the
system. . .

Compressor.- A sketch end & photograph of the compressor are
showm in figures 2 and 3. The coniprossor cohsisted of 37 stator
blades located © inches shead of 2L rotor blades. The diameter of
the inner casing waa 20 inches and that of the outer casing wes
42 inches, making the root-tip ratio 0.68. TFigure 2 indicetes the
menner in which the pressure wbing from one of the rotor bdlades was
led through a channel ineside the rotor dilsk to the axis of the rotor
and thence to the pressure-transfer device. Althcugh operated only
at 1800 and 2100 revolutions per minute in the present tests, the
compressor ies cepable of a maximm speed of aboui 4000 revolutions
per minute. The compressscr has recently been sdspted for blade
research; 1t was originally deaigned and uvsed for other purposes.
The original low-cember blading of the coupressor, which was known
to be of poor aserodynemic design, was used in the prossnt exploratory”
tests. : .- .

A typical velocity dlagrem for the mean-radius sectian of the
rotor blade is shown in figure 4. It is seen that the stators turn
the air sgainst the roitor. Veluss for the velocities end angles of
figure 4 are given in teble I for three operating conditions (A, B,
and C). The root and tip sections referred to in teble I are taken
1 inch from the casings. The stetor blades produced spproximately a =~
vortex distribution of *temgentiel velocity. The rotor blades, however
produced lower axial velocities near the root than the outer half of
the bledes.

i

——

Rotor bledes.- A photograph of the robtor blades mounted in the
rotor is shown in figure 3, and a sketch giving additionsl details-
1s shown in figure 5. The blades hed a span of about 6.50 inches
end a conatvent chord of 4 inches giving an aepect ratio of 1.625.
The blade-angle setting at the hub section was 25.4° msasured from the
plene of rotation and the blads twist was L4.3°, making the tip angle
21.1°. The solidity at the mean-radius section was 0.86. The blads-
section profiles varied from the NACA 16-(6)(09) at the root to -the
NACA 16-(Lk.5)(06) at the tip. The mean-radius section was the
NACA 16-(5.3)(07.6). Ordinates for these secticns were obtained by
the method of reference 8. A%t the time the blades. were designsd no -
cascads-developed sections of low cember were avallsble. Tip clearance
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of the rotor blades averaged about 0.040 inch. Onme rotor blade
had 24 surface pressure orifices at—its mean section. (See

fig. 5.)

Stator blades. The stator blades were dosigned wlth a mean
line havinﬁ.the desired turning angls, which was obtained from
reference and an NACA 0009-b4 section (reference 5) was super-
imposed on this mean line. The solidity at the meen-radius section
was 1.328. These blades had the seme span and chord, 5.5 inches
and 4 :nches, respectively, as the rotor blades, The blade.angle
setting measured from the campressor axis was 27. 7 et the hub
secticri. The twist was 8. lo making the tip angle 1Q. 6°. Ome stator
blade had 2% surface pressure orifices at its msan-redive section,
which were located in the same relatlive chordwise positions as +hope
on ths rotor blade.

Pressure transfer dovice.- The pressurs- transfer device,
developed for measuring pressures on rotating prorelier and compressor
blades, employs rotating mercury to provide the necessary seal botween
the rotating end stabticnary parts. The device consists of-a rotating
hollow shaft with a series of integrel impeller diske rotating
between fixod annular disks that form part of the cassing. The impeiler

diameter 1s 3 inches end the over-all laength of the dsvice 13 18 inches.

A photograph of the pressure-transfer dsvice with the top of the
casing removed to show the impellers and fixed dicks is prcsentod in
figure 6. Each cell formed by & Ffixed disk and two impellers had a
amall rotating pressure orifice entering intc it from the rotating
hollow shaft and a fixed orifice leading out—through tho staticnary
disk. A schematic skeich of a singlie cell ig shown in figure 7.

The impeller ceuscs the mercury to rotate and form en annular seal

arcund the periphery of the impullur, thus form‘ng a8 necel between -

adJacent ceils. Ths mercury seal wae capoble of ¢ransforr*ng a
pressure diffeorence of about one etmosphere withoul leaks at 2100
revolutions per minute, the speed of the present teztz. The prossurs
differences that the ltrensfer device 13 capable of transmitting are
proportional to the square of the rotationsl speed. The perfurmence
of the transfer device hes been investigatuvd im bench tests and
found satisfactory from 500 to 6000 revolutions per ndinute. & water
Jacket is provided for cooling at speeds above 2000 revolutions per
ninute. The device now in use has 24 cells, thus permitting the
smultansous trensmission of 24 pressures.

The cells of the transfer device cen bs checked for loaks during
the course of a series of blade tests by scaling the blade orifices
and applying pressure from the menomoter silde.

I
i
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Instrimentation.- The. pressures cbtained thiovgh the use of
" the pressure-transfer device were corrected for the effect of )
centrifugal force acting on the alr columm in the connecting tubing
between the orificy and the pressure-transfer device. As this :
correction involves the tomperature of the alr cclumn, & calibrated -
Beldwin-Southwark temperature gage was installed inside the rotor '
at the mean rotor radius. The temperature wes obtained by reasuring
the reaslstance across.the gage. Three slip I'in(_,s wvere used to
tranemit the yotential from the gage in the rotor %o a Wheatstone
bridge. _ o

Static-pressure o1ifices were located in the lmper and ouber
ceging at the swmvey stations. Values of total uressure, sbatic
pressure, and stream angle were determined by the use of survey
apparatus conslsting of total-preseure, static-yressure, and yaw
tvbes in the same rediel »lane. The survey empjaratus was adjusteble
in redisl positicn so that a complete. swrvey across the annulus
could be made during a test run. The survey tube at staticn 2
was also adjustable tangentially. Survey instrimente at stations
end 3 were mounted on one slds of the casing and at s..,ation 2 on '
the opposite side. ) I

TEDICTION OF DATA . : 2

The teating procedure consisted of varring the elr-flow gquantity -
te obteln a range of 1ift coefficlents and angles of attack for the o S
test alrfoil. A1l tests were run at a constanc speed of 2100 o
revolutions rer minute exce»t one which waa rim at 1800 revolutions :
rer mlnute. Airfoil surface pressures were trensriltted by the o h
Preossure-transfer device to & multitube manometer and photographsd.
These wressures were ccrrected for cent'"ia.ugal ef:[‘ch by means of tke
following egquabiocn: : B

cowbdl

217

2.2
i =% 2 Q_,sQ_rsQ>
?1 =‘:_3'3 @Rd-/

where .
Py true locsl absclute atatic pressure at blaf.e orifice, -

pounds por square foot . L -
p! uncorrected abmgolute static ;pressu:e at mancmeter, pounds

Per sguere foot
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r! radius to orifices 1n test blade, feet

Ty “radius to orifice in roiating shaft of pressure-transfer
tevice, feet ’ : T

T ebrolute moen temperature of alr in Iébor twbing, °F absolute

Tho average value of this correction was about perc,ent of the
tbeolute pressure.

Nondimsnsional pressurs-distribution dlagrsms Ior ipolated
airfoils ere cordinsrily besed on the dynemic and static pressures of
the friée streem. The static pressurs shead of end behind ths alrfoil
ls the eame, and so are. the free-stream velocitiss and direction of
flow, In the compressor, howsver, there was a static-pressure drop
and am incresss in alr velocity across the stator biades snd a stetic-
presgure rige and a decresse in velocity across the rotor blades with
correspolding changes in flow directicn. A msen &lr condition was
therefore. selected as a hagis for defining the pressure coefficlents
end angles of attack. Thia mean zir condition is designeted by the
gubscript m end ig shown on the vector diegrem of figure k. Ths
rotor-bvlade preesure coefficlents vsed in this roeport are defined as

where -

avsrage static pressurs between stations 2 and  at rctor-blade

aemispdn (PQ + P})

Pm

I = gﬂm m2 -
p = Pp + 0 o )

m ——_E-__i . . . ’

v meen air velocity (see fig. 4)

m

Pressure distribvtions bassed on similar definitions of the mean aixr
were used in the cuse of the stator blade.
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Section normal-force cosfficients wers obtained by integrating
the pressure distribution around the aslrfoll

1.0 :
c =f %1~ Pmogx
n

0 W °

and the lift coefficient was computed from
C} =Cn CO8

with the drag neglected.

A study of the possible sources of inaccuracy for the quentities
measured in these tests indloated that the angles obtained by use

of the survey apparatus are probebly correct to within —3=°. There are
believed to be no significant errors in any of the other measurements.

RESULTS AND DISCUSSION

Performance of Coinpressor

The torgue, the pressure rise, and the efficiency characteristics
of the compressor are shown in figure 8 es functions of the equivalent
welght flow, The conditions A, B, and C noted on the figure represent
operating conditions for which analysis is to be mades and for which
detalled data are shown in tables I and II. At condition B the blades
operate close to peak efficlency. For condition A the weight flow
wvas reduced until the compressor started to surge and a reduction in
outlet pressure started to occur. This condition of operation resulted
in some vibration; however, the vibration was not so violent that the
machine could not be operated continuously. One of the objectives of
these tests was to investigate the nature of the incipient blade stall
&% condition A, becauge the stall was occurring sooner (that is, et a
higher weight flow and lower outlet pressure) than was expected from
caloulations hased on isolated-airfoil maximum—1ift data., Condition C
vas a high-weight—flow low-pressure-rise condition.

Performance of Pressure-Transfer Device

As mentioned previously, the pressurss indicated by the pressure-—
transfer device include the centrifugal pressure of the rotating
column of air in the tube leading from the orifice on ths blads irward
to the rotor of the transfer device. This centrifugal pressure is an
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appreciable fraction of the inoremental pressures on the rotating
blade and must therefore be determined acourately. All the guantities
in the equation previously given for computing the centrifugal effect
can be determined with a high order of accuracy. The only quantity
that 1s difficult to measure is the mean temperature of the air in
the rotor tubing. In order to establish the accurscy with which the
centrifugal factor was determined, pressure distributions were
obtalned for the ssme blade angle of attack at two different speeds,
180C and 2100 revolutions per minute. The Mach number change {(0.30
to 0.35) for this change in speed was go small as to cause no
appreclable change in the nondimensional pressure distribution. The
results of this comparison are shown in figure 9. It is shown that
the pressure dlagrems for the two speeds are ldentical in spite of a
large change in the centrifugal factor whioh incressed for a typical
tube from 86.1 to 118.6 pounds per sguare foot in going from 1800

to 2100 revolutions per minute. The mean dynamlc pressures were
134.7 and 183.% pounds per agquare Ffoot, respectively, for 1800 and
2100 revolutions per minute. The coincidenne of the diagrams of
flgurse 9 indicates that the factor was accurately accounted for. —

As further check on the accuracy of the pressure data, the 1ift
coefficlents obtalned from integrations of the pressure diagrams were »
compared with 1lift coefficlaents calculated from the theoretical two—
dimensional relation between the 1lift, the pressure rise thiough the
retor, and the change of tangential velocity produced by the rotor.

This relation (from reference 1) is o ) L E -

e

in which V.. 1s the mean of the entering and leaving aximl-velocity

components. All the quantities under the radicel in this equation
wore measured in the surveys made at stations 2 and 3. It should be
pointed out that the 1lift coefficient determined by this relation was
subjett in the present teats to possitle exxror of about :0.0k dne
primarily to small errors in the 1measurement of the flow angles. Thus
only an epproximate agreement with the pressure-distribution dsta would
be expected. The lift~coefficient qomparizon is as follcows:

1

A

1ift coefficient -

Condition
—_ From intoegrated pressure | Caloulated from R
distribuvtions flow surveys
B 0.55 ’ ' 0.58
c Ak Ak
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Within the limit of accuracy of the flow-survey data this comparison
eatisfactorily establiehss the accuracy of the pressure distri'bution
dats obtalnsd with the pressurs-trensfer device.

A further test of the a.ccuracy of the pressure-transfer device
has been made in another installation in which the pressure indicated

by & rotating total-pressure tube was found to be equal to 'l:he
calculated total pressure. . —

Prassure Distribution

Figure 10 presents rotor-blade pressure -cceffic:.enu diagrams
for mean angles of attack ranging from 0.7° to 6.3°. The consistency
and small scabbter of the date are indicative of the precision of -
measurement and the satisfactory per:fomanee of the pressure-transfer
device. The dlagram for By = 3.0° Cy = 0.55 shows the flat

pressure distritution characteris‘bic of the NACA l6-series airfoil
section when operatihg nesr its deslgn 1ift coefficlent {0.53 in this
cass). At engles -of attack less than 3. 0% suction prossure posks
dsvelop an the lower surface nsar the lsading edge snd at higher
engles similar peeks occur on the uppsr Burface of the blade.

When the angle of attack was increased from 4.3° to 6.3°, the
1ift coefficient was found to decrease from O, 65 to 0.54. At i‘irei:
glance it would appear that stalling of the sec-bion had occurred.
Closer inspection of the diagrem for o = 6. 3°, however, shows a

high degree of pressure recovery on the upper surface near the
trailing edge. If the sectlon were stalled, the pressures for some
distence chead of the trailing edge would be equal, As will be
discussed in more detail later, this loss in 1ift at tho mean 'section
was found to be associated with stalling of adjacent sections of the
blade near the root and +tip.

Pregsure diagrams for the stator blads are shown Jdn figure 11.
The peak negative pressurs ccefficient and ths 1ift coefficient for
the stator are larger than for the rotor as shown by casparing the
lower part of figure 11 with figwe 9. Ths ectual peek suction
gessures on the stator, however, are lowsr than on tie rotor ns

dicated in the top psrt of flgure 11; the speed of sound and

compressibility difficulties would thus occur :Eirst on.the rotor if
the speed of the rotor wers increeased.

fig. 8) have been enlarged and compared in. figure 12 with calculated
" theoretical diagrams for the NACA 16-(5.3)}(07.6) airfoil section
opereting as & two-dimensional isclated alrfoll at the same 1Lifd
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coefficient. The method of reference 6 was used in caloulating the
theoretical diagrems. Unfortunately, no siationary cascade data,
alther experimental or thsoretlcal, weres available for camparison
with the present 1est results. The calculated pressure distribution
for the isolated asirfoil on the suction side ls surprisingly similar
o ths rotovr-blade date For conditions B and C. (See fig. 12.) It
wight be expocted, of course, that the pressure coefficlents ashead
of tha 50 perceat station of the test blads would be more negative
and those bpehind the 50 percent statlon would be more poegitive than
those in the isolated came beocanse of the pregsure rise across the
rotor blados. Ths data of Tigure 12 clearly show thils effect on the
suction 8ide of the bladen.

The positive pressure side of the bleds has pressure distridbutims
for condiv.ong B and C similer in form to those of the lsoloted air-
foll, “but me measured pressures are gencrally mors posltlve in value.
(See fig. 12.) :

A principal point of difference between the isolated-airfoil
disgrams for conditions B and C and the test results exlsts in the
1ift distribution as determined from thy dlfforence bebween the upper
and lower surface pressuros. The rotor blades tend to b»s more highly
loaded. over the forward part of the blade. Towurd the rear of the
blade the lomding becomes considerably lower than is indicated by
the celculation Tor the 1soclated alrfoil although some decrease in
loading over the rear portion of an isolated airfoil is indicated
from wind-tunnel tests. A similar effect wes noted in the stationsxry
cascade teats of reference 2. This effect can he explalined by
reference to the velocity diagram (fig. 4) which shows that the forward
part cf the blade is subJuct to a highker velocity Wp. It appoars

that a more desirable loading might be achieved through use of a
camber_line having more curvature near the rear of the blads.

Critical Mach Number

Figure 12(b), which shows the pressure disgram for the pcak-
efficiency conditian, indicates a slightly highor suction prossure _ —
on the upper surface of the rotor blade than does the theoretical :
diagran for the isolated alrfoil. It would thus be expected that
the critical Mach number for the rotor blades would bo samowhat less
than predicted fram isclated-airfoll data. If Llt—1a assumed that the
rate of increase in suction pressure with Mach mumber 1g the sams for -
the rotor blades as for the isolated airfoil, the critical Mach number
estimated by the method of von Karman end ‘I‘sien is found bo be 0.69
as compared with 0.72 for the isolated airfoll. It appears that tho ’
critical Mach number of the rotor blade could be increased by
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increasing the camber towerd the rear of the blads and thereby
producing a more uniform locading. o

Lift Characteristics

The 1ift coefficlents obtained from integration of the pressure
diagrems are plotted against engle of atteck in figure 13 and are
. compared wlth 1ift data cobtained in tests of the isolated airfoil in
the Langley 24-inch high-speed tunnel (reference 3.} The tummel tests
were run at a Mach number of 0.3 and a Reynolds number of 700,000,
conditions clossly epproaching those of the rotor-blade tests in
which the Mach number varied from 0.3 to 0.41 and the Reynolds number -
varied from 774,000 to 929,000. Tunnel test data for the -
NACA 16-(5)(06) end 16- (5)(09) airfoil sections were interpolated
to obtain the result shown in figure 13 for the NACA 16-(5.3)}(07.6)
airfoil section. The theoretical lift curve for the isolated alrfoll R
is also shown.

Results of lift-curve-slope calculations for cascedes of thin

flaet plates gilven in reference 1 indicate that the theoretical 1if't- -
curve slope for the stagger and solidlity of the present tests is :
conslderably grester than that of the isolated alrfoil., The =
theoretical 11ift curve for the £lat-plate cascade 1ls shown in

figure 13. Because of the low camber and thinness of the test blades, ™~ .
it is considered that the theorstical 1lift-curve slope for the flat- )
plate cascade mey be used as a rough aspproximation for the test _
blades. Figure 13 shows that the lift-curve slope is lower for the ' -
rotor-blade test than for the isolated airfoil, and much lower than
the theoretical slope for the flat-plate cascade. It is evident

that neither the isolated-airfoil dabta nor the theoretical cascade -
calculations can be used to predigt rotor-blade angle settings and )
therefore cascade test data must be used. . _ ST =

The meximum 1ift cosefficient occurring at the meenediameter
section is shown in figure 13 to be 0.68. The stalling 1ift
cosfficient for the isolated airfoil was gbout 1.06. It was first
thought that the rotor blade section stalled at a 1ift coefficient of
0.68. Study of the pressure dlagrams (fig. 10), however, shows clearly
that the flow is unstalled since pressurs recovery on the upper surface
extends all the way to the trailing edge. It became apparent there-
fore that & stall must be occurring sither at the root or tip sectjon
in order to account for the surging of the ccmpressor and the decrease’
in over-all total-pressure rise for condition A, In oxder to investi-
gate this possibility, the 1ift coefficients for root and tip sections
located 1 inch fiom the inner and outer casings were computed from the
survey measursments of flow angles and velocitise by the relation
given previously, The results cbtained are shown in the followling
table:
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Root section | Mean section| Tip secfion

Condition C

Cy, dog 2.2 1.6 0.5
¢y - 0.53 0.1} 0.43
Condition B | - - _ o -
o, deg | b5 3.0 2.1 -
¢, _ - ] om 0.55" 0.53
¢, (design cambor) 0.58 _ 0.53 0.47

3

Condition A o _ =

@y, deg 2.1 6.3 ks
N {Stalled y fStalled
c, 0.10f> 0.54 0.14f
For the low angle of atteck condition C and the peak efficiency ®

. condition B the msan and tho tip sectlions operate at about the

samo lift coefficlents whiles the root sectlon operates at a considarably
larger 1ift coefficient. For condition B the 1lift cosfficilent for

the mean sectlon was only slightly greator than the 1lift coefficlont
for which the section was cambered (0.53). The root and tip scctions,
however, operated at 1lift coefficients comsiderably highzr then the
-values for which thess sectlons wore camborsd (0,58 and 0.47, _ . —
respectively). When the weight Plow was decrsased to that of-
condition A, the surgs condition, the table shows that the reot section
became badly stalied, developing & 1lift coofficient of only 0.1C at

an angle of attack of 12.1°. A less severc stall occurred at the

tip section where the 1ift coéfficient dropped to 0.1k &t an angle of
attack of k.5°. Thesc root- and tip-section values for condition A
must be considered only gqualitative bocause of the impossibility of
accurate flow-angle moasurcments in stalled flow. These large losses
in 1ift at root and tip caused & reduction in Iift for tho

entire blade with the result that the 1lift of the meoan section is
reduced, Asg previously explainsd, the root end tip stells do not
oxtend to the mean section for overating condition A, this fact being
clearly shown by the pressurc disdgrem for ' a = 6.3°. (See fig. 10.)
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The primary cause of the stalls occurring at the root and tip
is considered to be the excesslive loadings of the root and tip
sections in the presence of casing boundary layers which were about

3/4 inch thick at the entrance to the rotor. Contributing factors
were the large clearances {1/8 inch) at the rotor-blade root and
the poor serodynamic shape of the blade tips. (See fig. 5.) It is
also apparent that the root secticn in particular was considerably
under-cambered for the flow conditions which existed. Reference to
the preceding teble shows that the blede twlst was not correct in
that the lift-coefficient distribution along the blade (for
condition C or B) did not confoxrm to the distribution for which the
blade was cambered. It is apparent that this improper twlst aggravated
the stalling of the blade-voot and tilp sections and hence reduced
the range of operation of the compressor.

CONCLUDING REMARKS

A preliminary investigation has been described in which a newly
developed 2hL-cell pressure-transfer device was nesed to determine the
pressure distribution ebout the mean-radius section of a rotating
blads in a single-stage axial-flow compressor opsrating at a blade
Mach number of 0.35. The fact thet the pressures on the rotating
blade were correctly indicated by the pressure-transfer device was
verified by several independent methods,

The pressure date showed that the maximmm suctlon pressurses for
the rotor blades woere only slightly greater than for the isolated
2lrfoil of the sams esection. The lift-curve slope for the thin low-
camber blades tested was much lower than the theorstical slope of a
comparable two-dimensional cascade of flat plates, indlcating that _
cascade test data must be relied on to destermine blade settings. At
the surge point of the compressor the blades were found to be stalled
at the root and tilp sections but the flow at the mean section was not
stalled. The presence of casing boundsry layers, improper blade twist,
and large clearances contributed to the stalling of the root and tip
sections.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronsutics
lLangley Field, Va., September 11, 1946
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TABIE I

SUMMARY OF VELOCITY-VECTOR DIACRAM DAT® FOR CONDITICES A, B, AND C
Condition & 1 Condliticn B Condition C
]
Root {Mean {Tip iRocﬁ: Mean | Tip Roob | Mean | Tip

Axinl veiocliy at survey staiicn 2, )
Vax,» T4/e00 103.3 1130.1 1128.5 11 13h.7 1136.,8 |1k2.811155.2 ] 350.9 | 165.3
Velocity relative to cesing at .
stetion 2, V,, £i/sec 135.3 [135.8 |135.2 || 177.1 | 170.0 |163.1}}205.0 ] 108.2 | 190,7
Velocity relative to roto“ at
stetion 2, Wy, ft/sec 38%.9 1419.9 [4hg.1 || h2v.2 | Lh7.5 | h67.6{14b5.0] k70 b | hoo 4
Section angle of atiack based on a
entering air vector, a,, deg g3] B1) 6.5 621 55| 40l 451 3.4 22
Stagger engle bazed en entering " .
air vector, Bo, deg TR THE N TRl T3 T2 | 722 69.6] TO.1| T0.3
Mean a’r velocity relative %o :
rotor, Wy, ft/sec 374.7 1397.4% {436.6 || 358,09 | 400.3 | 426.8]1397.4 1 432.4 | b55.2
Sectian angle of ettack bssed on - :
meen air vector, oy, deg 21| 63| b5 k51 30| 2.1} 2.7) 16| 0.6
Stagger angle based on mean alr C
vector, By, deg 72 1 73.0 { 2.7 || 69.71 60.7| 70.3|| 67.8] 68.3| 68.8
Axial velocity at survey '
station 3, vaxa, ft/aec 62,3 (121.9 [ikl.2 || 134.0 [141.2 }1h5.b [|145.01 160,10 | 164,7
Velocity relalive io cesing a.t

PRI S | ~D oA A L 1he £ aa) Ay N 1.z £ O A~ 1 L0 m AL oA
station _), r3, J.I.-/‘-:IUL. . Yo, L0 [L49D.0 L Vil ¢ [L8),0 [l LOY,L | L0 .U
Valoclity relative to rotur ah
station 3, W3, Tt/sec ' 306.0 [376.3 §h27.2 {| 296.9 [354.0 {387.0{|3%2.3] 365.0 ] 420.5
Effactive turning angle, ¢, deg ok | 2.2 ) 124 71! s5.14f kol 5.6] 40| 3.4

. NATIONAL fDVISORY COMMITTER FOR ASRONAUTICS
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PBRLE T - Concluded

SUMMARY CF VEIOCITY YFCTOR DIAGRAM DATA FOR CORDITIONS A, 3, AND C - Concluded

1 Condition A ' Condition B ' Conditicn ¢

Root Meen |Tip Root Mean |Tip fRoot Mean

Change in tangential veloscity of

rotor, Aw, f£t/sec il,2 49.2 | 26.6 {[125.0 | 101.7 | €6.7 [Jico.3 { 61.3
Change in ta.nbent"al volocity of ' :

stator, Av, fifeec 87.1 1 79.% | ©5.1 ({315.0 | 100.5 | 78.8 ({13%.0 j1i7.1
Rotor gpeed, U, ft/sec 28k.1 | 325.3 |366.5 |}2B%.1 | 325.3 |366.5 {|28k.1 |325.5 |3
Section radiuvs, r, Ft 1208 1.k80 A7l 1o0l 1 4RD 3 6M 120l 118

o

N
o B

=3

O M\

j )

NATIORATL ADVISORY COMMITIHE FOR AERORAUTICS
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TABLE II

19

SUMMARY OF COMPRESSOR DATA FOR CONDITIONS A, B, AND C

Condition A

‘Condition B

Condition C

Weight flow E%gg; 1b/sec

Volume flow at station 1,
Gy, cu fifsec

Inlet density, oy,
slucs/cu £t

Inlst stream static presaure,
P1 - Pa, lbfeq It

Midstage stream static
pressure, P, - b, 1b/sq £t

Outlet stream sitgtic
pressure, D3 - Dy, 1bfsg £t

Stage static-preasure rise
from survey, Ap, 1b/sq ft

Stage to‘ca.l-;pressure rise
from survey, &P, 1b/sq £t

Total-prassure cosfficient, Cp
Torque cosfficient, Cq
Totael-pressure officiency, 1
Mean stresam static pressurs,
Pm ~ Pas 1b/sq £t

Msan dynamic pressure, dm,
Ib/eq Tt

Mean section normal-forcs
coefficient, c,
Mean section 1ift coefficient,
¢

Mean air Mach mumber, M

Lho.4

WA
pog
AW |

0.00z2352

~1k.1

-20.8

72.0
2.120
0.146
0.837

16.5

179.9

Q.548

0.5hk
0.346

Mean air Reynclds number, Ry

773,700

0.7

€83

0.002270

-21.9

-32.8

7.0

68.9

70.2
1.993
0.162

G.8¢6

T.1

183.4

0.752

0.551
0.3%0

787,500

56.6

57

0.002305

-27.8

-45.5

25.0

4o .8

56.9
1.547
0.155

6.810

-10.3

£16.8

0.438

0.438
0.3%

875,000

NATIONAL ADVISORY CCMMITTEE FOR AERONAUTICS
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Figure 3.- Rear view of compressor with inner and
outer casing removed.
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Figure 4. ——Typical velocity diagram for stator and rotor, mean
radius section.
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Figure 5 .— Sketch of rotor blade showing orifice locations. _
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Fig. 8 NACA TN No. 1189
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